Mammals possess a family of transmembrane, G-protein-responsive adenylyl cyclase isoforms (tmACs) encoded by distinct genes differing in their patterns of expression and modes of biochemical regulation. Our previous work confirmed that Drosophila melanogaster also possesses a family of tmAC isoforms defining the fly as a suitable genetic model for discerning mammalian tmAC function. We now describe a Drosophila tmAC, DAC39E, which employs a novel means for regulating its expression ; differential exon utilization results in a developmental switch in DAC39E protein. DAC39E protein sequence is most closely related to mammalian type III AC, and it is predominantly expressed in the central nervous system (CNS) and olfactory organs, suggesting a role in processing sensory signaling inputs. DAC39E catalytic activity is inhibited by micromolar concentrations of calcium; therefore, DAC39E is oppositely regulated by calcium compared to the only other tmAC shown to be expressed in the Drosophila CNS, Rutabaga AC. The presence of both positively and negatively regulated tmACs suggests a complex mode of cross-talk between cAMP and calcium signal transduction pathways in the fly CNS. ß
Introduction
Synthesis of cyclic AMP (cAMP) by adenylyl cyclase (AC) is one of the most conserved enzymatic processes in the animal kingdom. ACs generate cAMP to monitor a cell's physiological status, as well as to transduce cellular responses to hormones, neurotransmitters, developmental morphogens [1] , and olfactory cues [2] . In metazoans, there exist at least two forms of adenylyl cyclase. A recently described soluble enzyme in mammalian testis [3] , and a seemingly ubiquitous family of transmembrane ACs (tmAC) regulated by extracellular signals via heterotrimeric G-proteins [1] . tmACs display a highly conserved structure consisting of two homologous catalytic domains, each preceded by a set of six presumptive transmembrane spanning domains [4] . 0167 -4889 / 00 / $^see front matter ß 2000 Elsevier Science B.V. All rights reserved. PII: S 0 1 6 7 -4 8 8 9 ( 9 9 ) 0 0 1 5 5 -X Abbreviations: cAMP, cyclic adenosine monophosphate; AC, adenylyl cyclase; tmAC, transmembrane form of adenylyl cyclase; Ca 2 /CaM, calcium/calmodulin; PCR, polymerase chain reaction; RT-PCR, reverse transcription polymerase chain reaction; DAC39E fl , full-length isoform of DAC39E; DAC39E trunc , truncated isoform of DAC39E; fbwt, wild-type baculovirus; fbDAC39E, recombinant DAC39E baculovirus; MOI, multiplicity of infection; CaMKII, calcium/calmodulin-dependent kinase II; dCaMKII, Drosophila Ca 2 /CaM-dependent kinase II; DTT, dithiothreitol ; GST, glutathione S-transferase; ECL, enhanced chemiluminescence ; CNS, central nervous system; GTPQS, guanosine 5P-O-(3-thiotriphosphate); GDPLS, guanosine 5P-O-(2-thiodiphosphate)tmAC structure is reminiscent of a number of ion channels and pore-forming molecules [5] ; however, no transport or channel activity has yet been demonstrated.
Although the physiological importance of tmAC regulation by G-proteins (G s K in particular) has been demonstrated by elegant genetic studies performed in a variety of organisms [6^8], direct evidence de¢ning the speci¢c roles of individual tmAC isoforms is limited. In Drosophila melanogaster, the ortholog of mammalian type I AC (ACI) encoded by the rutabaga gene was shown to be essential for learning and memory [9, 10] . A similar physiological role for mammalian AC1 was later con¢rmed by knockout studies in mouse [11] . In Caenorhabditis elegans, SGS-1, the ortholog of mammalian type IX AC (AC9), was shown to be a target of G s K signaling in motor neurons [8, 12] , whereas ACY-2, orthologous to mammalian type II AC (AC2), is required for viability [8] . However, the functions of the corresponding mammalian tmAC isoforms have not yet been examined.
D. melanogaster is a widely used model organism for studying the function of many genes and has already proven relevant for predicting the function of a particular mammalian tmAC isoform [9, 11] . We previously demonstrated that Drosophila possesses a family of tmAC isoforms with similar complexity to mammals [13^15] . A number of studies have suggested that cAMP produced by ACs other than Rutabaga are responsible for modulating potassium currents [16] , cooperating with the Ras pathway to mediate cellular responses to PACAP38 [17] , and ethanol sensitivity [18] . We now describe the cloning and molecular characterization of an additional Drosophila AC, DAC39E, related to mammalian AC III (AC3) and biochemically similar to mammalian tmAC types V (AC5) and VI (AC6) [19] . Like these mammalian tmACs, DAC39E is negatively regulated by physiological levels of free calcium. The opposite responses to calcium displayed by DAC39E and Rutabaga AC, which was previously characterized as a calcium/calmodulin (Ca 2 /CaM) stimulated tmAC [9] , demonstrates both stimulatory and inhibitory regulation of cAMP synthesis by calcium are conserved from insects to mammals, and indicate complex interactions between calcium and cAMP in Drosophila physiology.
Materials and methods

Molecular cloning of Drosophila AC cDNA
cDNA fragments were ampli¢ed by polymerase chain reaction (PCR) using degenerate oligonucleotide primers designed to recognize conserved amino acid sequences within the ¢rst catalytic domains of mammalian tmACs [20] and Rutabaga AC (GDCYYC and WQ(Y/F)DVW). A product, ER5.31' containing previously undescribed AC-like sequences was identi¢ed, and it was used to screen a Drosophila embryonic cDNA library constructed in our laboratory using the VZAP Express cDNA synthesis system (Stratagene). Approximately 10 6 independent clones were screened, and 13 positive clones were recovered into pBK-CMV vector according to manufacturer's instructions (Stratagene). A number of ER5.31 hybridizing cDNA clones were sequenced on both strands by Rockefeller University Sequencing Core or Cornell University Sequencing Core using £uorescent dye terminator thermal cycle sequencing (PE-Applied Biosystems).
Genomic DNA clones spanning the DAC3 locus were identi¢ed by hybridization to a Drosophila P1 library densely plated on a single membrane (Genome Systems). P1 clone map positions were determined by the Berkeley Drosophila Genome Project and were obtained via internet (http://www. fruit£y.org/sequence/P1locs/). Genomic fragments of DAC39E were ampli¢ed by PCR using unique sequence DAC39E primers under standard conditions (Clontech).
DAC39E mRNA expression
Equal amounts (2.5-Wg) of Drosophila 18-h embryo, third instar larva and adult poly(A) RNA (Clontech) were separated on a 1% denaturing agarose gel, transferred to nylon membrane, and hybridized as previously described [15] . The 3.2-kb NotIĤ ind III fragment derived from the coding sequence of DAC39E cDNA ( Fig. 1 ) was labeled by random priming (Amersham). Membranes were exposed to X-ray ¢lm (Kodak) with intensifying screens for 5^10 days.
Reverse transcription-PCR (RT-PCR) analysis to di¡erentiate the two classes of DAC39E mRNA was performed using primers LRL184 (GTGCGGCAG-GACACACAC) and LRL203 (GTGACGCTGC-CATTACAGC) which £ank the skipped exon. This primer pair will amplify a 595-bp PCR product corresponding to full-length DAC3 mRNA or a 500-bp PCR product corresponding to exon-skipped DAC3 mRNA. Total RNA was isolated at di¡erent stages of Drosophila development, and poly(A)
RNA was selected on oligo-dT cellulose (Gibco-BRL). Firststrand cDNA was prepared from 1 Wg of poly(A) RNA using SuperScript Moloney murine leukemia virus reverse transcriptase (Life Technologies). PCR ampli¢cation was performed using KlenTaq DNA polymerase under standard conditions (Clontech). PCR products were separated on a 1% agarose gel, transferred to nylon membrane, and probed with 32 P-labeled 3.2-kb NotI^HindIII fragment of DAC39E. Blot was washed and exposed to X-ray ¢lm (Kodak) with intensifying screen.
In control experiments (data not shown), PCR ampli¢cation using combinations of library clones #5 and #13, encoding full-length (DAC39E fl ) and truncated (DAC39E trunc ) DAC39E, respectively, in varying proportions revealed that the relative intensities of the 500-and 595-bp PCR products accurately re£ected the input ratio of templates over two orders of magnitude (from 10:1 to 1:10; DAC39E fl to DAC39E trunc ).
Expression and adenylyl cyclase assay
Full-length DAC39E cDNA was expressed in HEK293 cells using the cytomegalovirus promoter/ enhancer of pCIS by Lipofectamine-mediated (Gibco-BRL) transient transfection as described previously [15] . AC activity in crude lysates was assayed 72 h after transfection. Full-length DAC39E cDNA was also subcloned into pFastBac vector (Gibco-BRL) and recombinant DAC39E baculovirus (fbDAC39E) was obtained using Bac-to-Bac Baculovirus expression system (Gibco-BRL). Insect High Five (Invitrogen) cells were infected with DAC39E baculovirus at an MOI of 0.1. Cells were collected 48 h postinfection and AC activity in crude lysates was determined as described previously [15] . Data represent means from triplicate determinations and error bars correspond to the standard deviation from the mean.
E¡ect of Drosophila Ca
2+ /CaM kinase II
The Drosophila Ca 2 /CaM-dependent kinase II (dCaMKII) open reading frame was ampli¢ed by PCR using gene speci¢c primers and subcloned into pFastBac vector. Threonine-287 was converted into aspartic acid by PCR resulting in calcium-independent, constitutively active dCaMKII [21] . This constitutively active dCaMKII was expressed in High Five cells and puri¢ed through Ni-agarose (QIA-GEN). Kinase assays were performed as described [21] Wl of a cocktail of AC assay ingredients were added and AC assays were performed as described [15] . Data represent means from triplicate determinations and error bars correspond to the standard deviation from the mean.
Calcium sensitivity
DAC39E AC activity was measured in the presence of low concentrations of calcium as previously described [22] . Brie£y, High Five cells expressing DAC39E were collected 48 h after infection, washed in PBS, resuspended in lysis bu¡er containing 50 mM Tris, 1 mM DTT, 1 mM PMSF, 4 Wg/ml leupeptin, 4 Wg/ml aprotinin, pH 7.5, and sonicated on ice using a Misonix M ultrasonic cell disruptor (Microson) at a setting of 10% power output for a total of 30 s. Cell debris was removed by centrifugation at 300Ug for 10 min and membrane fraction was pelleted at 75 000Ug for 20 min. Membranes were washed three times in lysis bu¡er containing 1 mM EDTA and 1 mM EGTA, one time in lysis bu¡er and resuspended in lysis bu¡er to a ¢nal protein concentration 0.5 mg/ml. The AC activity (generally 10^20 Wg of protein per assay) was measured in the presence of the following components (¢nal concentrations): 70 mM Tris (pH 7.5), 1 mM MgCl 2 , 0.1 mM cAMP, 4 mM creatine phosphate (disodium salt), 20 U/ml creatine phosphokinase, 1 mM DTT and 200 WM EGTA. Free concentrations of calcium were calculated as described [22] . Reactions were initiated by addition of 0.1 mM [K- 32 P]ATP (speci¢c activity V3^5U10 5 cpm/nmol) and were incubated at 30³C for 30 min. Reactions were stopped with 2% SDS and the [ 32 P]cAMP formed was quanti¢ed as described [15] . Data represent means from triplicate determinations and error bars correspond to the standard deviation from the mean.
Antisera
cDNA fragments encoding the C-terminal 84 amino acids of DAC39E fl or the unique 42 amino acids from DAC39E trunc were ampli¢ed by PCR using speci¢c primers and cloned into pGEX-2T vector (Pharmacia). The glutathione S-transferase (GST) fusion proteins (GST-DAC39E fl and GST-DAC39E trunc ) were expressed in HB101 Escherichia coli and puri¢ed according to the manufacturer's recommendations (Pharmacia) followed by preparative SDS/ PAGE [23] . Antisera against puri¢ed GST-DAC39E fl and GST-DAC39E trunc fusion proteins were raised in rabbits by a commercial provider (HTI).
Western-blot analysis and immunostaining
To obtain DAC39E fl -speci¢c antibodies, total immunoglobulin fraction was isolated from anti-DAC39E fl antiserum by a¤nity chromatography on protein A-Sepharose [23] . To obtain DAC39E truncspeci¢c antibodies, antisera were precleared through GST-DAC39E fl conjugated to glutathione-agarose (Sigma) and a¤nity puri¢ed on GST-DAC39E trunc conjugated to CNBr-activated agarose (Pharmacia). Extracts of Drosophila embryos, larvae, pupae, adult £ies or separated heads and bodies were prepared by homogenization in 300 Wl 50 mM Tris (pH 7.5), 1 mM DTT, 1 mM EDTA, and a mixture of protease inhibitors (5 Wg/ml aprotinin, 5 Wg/ml leupeptin, 1 mM PMSF) using Dounce homogenizer. Lysates were subsequently sonicated on ice for 20 s and debris was removed by low speed centrifugation (1000Ug). Membrane fractions were pelleted by high speed centrifugation (50 000Ug) for 30 min, resuspended in SDS/PAGE-sample bu¡er at 2^5 mg/ ml, and stored frozen at 380³C. Twenty ¢ve to ¢fty micrograms of membrane proteins were separated in 10% SDS/PAGE, electrophoretically transferred to PVDF membrane, and probed with the appropriate anti-DAC39E antibody in TBS containing 0.05% Tween-20 (TBST) and 3% bovine serum albumin overnight. Membranes were washed in TBST and incubated with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (Pierce). Immune complexes were visualized by enhanced chemiluminescence (ECL) (Pierce).
For immunostaining, anti-DAC39E fl antibody was precleared on GST-conjugated to glutathione-agarose and a¤nity puri¢ed on GST-DAC39E fl conjugated to glutathione-agarose. Frozen section of Drosophila heads (10 Wm) were immunostained as described [24] and visualized using peroxidase substrate kit DAB (Vector Laboratories).
Results
Cloning DAC39E
We ¢rst identi¢ed a 210-bp PCR fragment (ER5.31) whose predicted amino acid sequence was novel, but conserved with the known tmACs. We used this fragment to screen a Drosophila embryonic oligo-dT-primed cDNA library and obtained 13 independent clones. DNA sequence and PCR analysis revealed that all isolated clones fell into one of two classes (Fig. 1A) . The ¢rst class, represented by ¢ve clones, predicted an open reading frame of 1184 amino acids structurally homologous to known tmACs. The longest clone of this population (#5) was concluded to be full-length because its open reading frame was de¢ned by a methionine codon in a suitable context to act as a translational initiator and there were upstream stop codons in all three reading frames. The predicted protein encoded by this class of cDNAs will be referred to as`full-length'.
The second class of library clones, represented by eight independent cDNAs, was identical to the ¢rst class except for a deletion of 95 nucleotides in the midst of the presumptive coding region. The open reading frame in this class of cDNAs predicted a 352-amino acid protein; a shift in the reading frame following the 95 nucleotide deletion results in 42 unique amino acids and a new stop codon. No other sequence di¡erences were found in 5P or 3P untrans-lated sequences. The longest clone representing this class (#13) was used in subsequent experiments and the presumptive protein predicted by this class of cDNAs will be referred to as`truncated'.
Genomic Southern hybridization demonstrated that the gene encompassing the ER5.31 cDNA is present in the D. melanogaster Canton S genome as single-copy (data not shown), and isolation of Drosophila P1 library clones indicated that the corresponding locus maps to a contig at position 39E5F 3. For this reason, we refer to this gene as DAC39E (GenBank accession no. AF005629).
We determined the intron/exon structure of the DAC39E genomic locus in the region encompassing the 95 base pairs missing in the second class of library clones. The deleted DNA corresponds to an alternatively spliced exon (indicated as exon D in Fig. 1B ) which is included in the ¢rst class of DAC39E mRNAs and skipped in the second class.
The predicted full-length protein product was aligned with the nine known mammalian ACs and Drosophila Rutabaga AC [9] , DAC9 [15] and DAC76E [9] . The proteins encoded by DAC39E and the known mammalian AC3 isoforms are more closely related to each other (60.6% similar in catalytic domains) than either is to any other mammalian or Drosophila tmACs. In addition to their highly related catalytic domains, the amino acid sequence surrounding a predicted N-linked glycosylation site between the ninth and tenth transmembrane spans was conserved between DAC39E and mammalian AC3.
The hydrophobicity pro¢le of full-length DAC39E (DAC39E fl ) is similar to those of the known tmACs suggesting the same predicted topography consisting of two sets of six transmembrane spans each followed by a catalytic domain. In contrast, the alternatively spliced mRNA predicts a truncated protein variant (DAC39Et runc ) containing only the ¢rst set of transmembrane spans; it does not possess any of the sequences shown to be necessary for adenylyl cyclase catalytic activity [25, 26] . The predicted topography of DAC39E trunc , consisting of short N-and C-termini surrounding 6 presumptive transmembrane domains, is reminiscent of the K-subunit of voltagegated potassium channels [27] and a recently identi¢ed Drosophila protein, rolling stone, essential for the fusion of myoblast to myotubes during muscle formation in early embryos [28] .
DAC39E expression
We explored DAC39E mRNA expression by Northern blot analysis using a coding sequence-speci¢c probe. A single mRNA of approximately 6 kb was found equally expressed in Drosophila embryos, larvae and adult £ies ( Fig. 2A) . Because the size of the skipped exon is only 95 base pairs, the two classes of mRNAs were indistinguishable by Northern analysis. We therefore performed RT-PCR analysis to determine the relative expression level of each DAC39E transcript. DAC39E trunc mRNA appears as early as 2^4 h in Drosophila embryos and represents the major DAC39E transcript until late embryos (Fig. 2B) . The abundance of DAC39E trunc mRNA also increases in larvae. In later developmental stages, both transcripts can be detected, with the DAC39E fl -encoding mRNA predominating (Fig.  2B) . -selected RNAs hybridized to DAC39E (top), or to Drosophila ribosomal protein 49 (rp49) (bottom). Film was exposed for 6 days for DAC39E and for 1 h for rp49. The approximate size of each message was calculated in relation to commercially available RNA ladders (Life Technologies) indicated on the left. (B) RT-PCR analysis using LRL184 and LRL203 on poly-(A) -selected RNAs isolated from 0-to 2-h, 2-to 4-h, 4-to 8-h, 8-to 12-h, and 12-to 24-h embryos, ¢rst instar, second instar, and third instar larvae, pupae, and adult £ies. PCR products were hybridized to the same probe used for Northern blot analysis and exposed to X-ray ¢lm for 30 min. Previously isolated library cDNA clones #5 (clone #5) and #13 (clone #13) were used as templates for PCR ampli¢cation with LRL184 and LRL203 primers to serve as controls. 
DAC39E proteins
Speci¢c antisera were generated for each DAC39E isoform. Immunoblot analysis of crude lysates prepared from HEK293 cells transfected with each class of DAC39E cDNA con¢rmed the speci¢city of the antisera (Fig. 3) . A large, V140-kDa band was detected by the anti-DAC39E fl antisera only in cells transfected with DAC39E fl cDNA (Fig. 3C) , and a 35-kDa protein was exclusively detected by anti-DAC39E trunc antisera in cells transfected with DAC39E trunc cDNA (Fig. 3D) . The size of these immunoreactive bands correspond to the predicted mass deduced from DAC39E fl and DAC39E trunc sequences, respectively.
To determine the relative expression of DAC39E fl and DAC39E trunc during Drosophila development, membrane fractions from embryos, larvae and adult £ies were probed with each antisera. The 140-kDa immunoreactive protein corresponding to DAC39E fl could be detected only in adult £ies (Fig. 3A) . Presumably, DAC39E fl protein is expressed continuously starting in late embryogenesis, but at early stages, its amount is below our level of detection by Western blot analysis. In contrast, with anti-DAC39E trunc speci¢c antisera, a 35-kDa immunoreactive protein was detected predominantly in 101 8-h-old embryos (Fig. 3B) . The expression of this protein overlaps and immediately follows the stage when DAC39E trunc message levels are highest.
To localize the distribution of DAC3 fl , expression was monitored in separated adult heads and bodies. The 140-kDa immunoreactive protein was preferentially, if not exclusively, expressed in heads (Fig. 4A) . Furthermore, DAC39E fl protein was present, but not necessarily enriched, in antennae which are the major chemosensory organ in the £y (Fig. 4B) . These data suggest that DAC39E fl , like mammalian AC3, may play a role in chemosensory signal transduction.
The tissue distribution of DAC39E fl protein in £y brain was examined by immunostaining frozen head sections (Fig. 5) . DAC39E fl expression was readily detectable throughout the brain neuropil, but not in the cortex. It was most abundant in central brain neurons, subesophageal ganglia, antennal lobe, and optic lobe neurons. Mutational analysis revealed these regions of the £y brain are the principal centers mediating integration and storage of learned infor- mation (mushroom bodies) and regulation of motor activity (central brain) [29] .
DAC39E activity
To con¢rm DAC39E encodes an adenylyl cyclase, AC activity was assayed in crude lysates from HEK293 cells transiently transfected with DAC39E or with its putative mammalian ortholog, rat AC3. Basal activities of both DAC39E and rat AC3 were only slightly elevated compared to vector transfected cells, but each AC was signi¢cantly stimulated by activated G s K or by the general tmAC activator, forskolin (Fig. 6A) . GTPQS stimulated DAC39E and rat AC3 activities equally. Forskolin stimulated rat AC3 activity greater than 3-fold over vector transfected cells, while DAC39E responded less strongly to forskolin; its activity was stimulated just over 2-fold.
The biochemical properties of DAC39E were further examined using protein heterologously expressed in an insect cell line. The basal AC activity in crude lysates of High Five cells infected with recombinant baculovirus expressing DAC39E (fbDAC39E) was three times that of lysates from wild-type baculovirus (fbwt) infected cells (Fig. 6B) , and addition of forskolin increased DAC39E activity approximately 7-fold. Coexpressing fbDAC39E with human G s K signi¢cantly increased the stimulatory e¡ect of GTPQS and forskolin on DAC39E fl activity (Table  1) .
Rat AC3 activity, when submaximally stimulated by GTPQS or forskolin, was potentiated by Ca 2 / CaM in vitro [30] . In contrast, the in vivo enzyme 
High Five cells were coinfected with human G s K baculovirus (G s K) and wild-type baculovirus (fbwt) or DAC39E baculovirus (fbDAC39E), and adenylyl cyclase activity in crude lysates was measured without any addition (Basal) or in the presence of 100 WM guanosine 5P-O-(3-thiotriphosphate) (GTPQS), 100 WM guanosine 5P-O-(2-thiodiphosphate) (GDPLS), or 100 WM forskolin (FSK). Data, expressed as pmol of cAMP formed per min per mg protein, represent means of triplicate assays þ standard deviation. activity was inhibited by increased intracellular calcium due to phosphorylation by activated Ca 2 /CaM kinase type II (CaMKII) [31, 32] . Therefore, we examined the e¡ect of calcium, Ca 2 /CaM and dCaM-KII on DAC39E activity. Puri¢ed, constitutively active dCaMKII did not signi¢cantly a¡ect DAC39E AC activity (Fig. 7) . However, in contrast to the described e¡ect of micromolar calcium on the in vitro activity of mammalian AC3 [30] , 2.5 WM free calcium inhibited basal, GTPQS-and forskolin-stimulated activities of DAC39E (Table 2) . Inhibition was independent of calmodulin; the slight decrease in potency of calcium observed is presumably due to diminished free calcium in the presence of calmodulin. Submaximally forskolin (5 WM)-stimulated DAC39E activity displayed a biphasic response to calcium (Fig. 8) . The initial phase reached maximal inhibition of approximately 20^30% at 1 WM free calcium; inhibition remained unchanged at calcium concentrations up to 4 WM; while at concentrations up to 100 WM, a second inhibitory phase was observed. A similar pattern of inhibition by free calcium was described for mammalian AC5 and AC6 [33, 34] .
Drosophila Rutabaga AC is stimulated by Ca 2 / CaM [9, 10] . We therefore directly compared the effect of calcium on Rutabaga AC and DAC39E. Submicromolar concentrations of free calcium had clearly opposite e¡ects on the two cyclases. Rutabaga AC was potently stimulated by calcium in the presence of 5 WM calmodulin while DAC39E was signi¢-cantly inhibited by the same calcium concentrations (Fig. 9 ).
Discussion
The family of tmACs are integral to the signal transduction network of eukaryotic cells. Their common functional hallmark is responsiveness to heterotrimeric G-proteins, but di¡erences in tissue distribution and other modes of regulation imply that each tmAC isoform plays a distinct physiological role. While genetic studies in lower eukaryotes such as Dictyostelium [35] and C. elegans [8, 12] [9,13^15] with conserved physiological function [9, 11] .
Here we present the cloning and biochemical characterization of a novel Drosophila AC, DAC39E. The primary amino acid sequence of DAC39E shows high similarity to mammalian AC3; their resemblance is comparable to that seen between Rutabaga AC and mammalian type I AC and between mammalian type IX AC and its orthologs identi¢ed in di¡erent species [8, 15, 36, 37] . Mammalian AC3 is expressed in central brain and peripheral tissues and was predicted to play a role in reception and processing of olfactory/chemosensory signals [38] . Consistently, DAC39E is also highly abundant in CNS and is expressed in the £y chemosensory organ. These observations suggest evolutionary conservation or overlap between AC3 and DAC39E function(s), particularly in signal transduction of odorant signals. However, the detailed mechanisms underlying recognition and processing of chemosensory signals do not seem to be similar in £ies and mammals. The recently identi¢ed family of presumptive odorant binding proteins in Drosophila do not show signi¢-cant homology to mammalian olfactory receptors [39] . In addition, a specialized GK subunit, G olf K, is co-expressed with mammalian AC3 in olfactory cilia [38] and in male germ-line cells [40] and presumably mediates activation of AC3 by olfactory chemoreceptors. An analogous GK subunit has not yet been identi¢ed in Drosophila. Finally, as we describe here, although primary structure suggests relatedness between DAC39E and mammalian AC3, the biochemical properties of DAC39E do not seem to be conserved with its putative mammalian counterpart. In contrast to AC3, DAC39E is not modulated by dCamKII, and it is inhibited by low concentrations of calcium.
Inhibition by physiological concentrations of calcium has been described for mammalian AC5 and AC6 and proposed to be a mechanism to down-regulate propagation of the cAMP signal [41] . Calcium inhibition of mammalian tmAC is not associated with activation of G i K and seems to be mediated by direct interaction with calcium. An AC5 calcium binding site was proposed within the C-terminus of the ¢rst catalytic region [42] and resembles a C2 calcium binding motif found in synaptotagmin and protein kinase C [43] . This region in AC5 encompasses two loops containing acidic residues spaced consistently with the formation of a C2 calcium binding site. The corresponding region of DAC39E is predicted to adopt a similar secondary structure as AC5 with similarly spaced acidic amino acids; residues 513^518 (sequence DEDDND) and 561^567 (sequence DELVTRD) are placed within two loops. This region of DAC39E may form a calcium binding site similar to AC5. In contrast, although the acidic residues in this region are conserved between DAC39E and rat AC3, residues 544^550 (sequence EEAEEQE) and 590^596 (EALLERE), they are not predicted to be within loops. This di¡erence may explain why AC3 is insensitive to calcium in the absence of calmodulin. DAC39E is expressed throughout the brain neuropil, but not in the cortex. It was most abundant in central brain, antennal lobe and optic lobe neurons. These regions of the £y brain are the principal centers mediating integration and storage of learned information (mushroom bodies) and regulation of motor activity (central brain) [29] . G s K and G o K are abundantly expressed in neuropil where they are thought to play developmentally speci¢c role(s) [444 6] . The only previously known tmAC in Drosophila brain, Rutabaga AC, is preferentially expressed in the mushroom bodies [47] where it was proposed to integrate associative learning cues [9, 10] via synergy between G s K and Ca 2 /CaM signals. Expression of DAC39E, which is oppositely regulated by calcium, in other areas of brain neuropil suggests complex interplay between calcium and cAMP in Drosophila brain which is dependent upon the AC isoform expressed. Furthermore, the broader distribution of DAC39E suggests there are additional roles for cAMP in brain, such as in regulation of signal transmission to mushroom bodies from initial input site(s) and from mushroom bodies to motor systems [29] .
In addition to biochemical regulation by calcium at the protein level, DAC39E seems to be subject to post-transcriptional regulation of its expression. Two DAC39E mRNAs are expressed by developmentally regulated inclusion of a particular exon. A number of proteins exhibit shifted reading frames and premature termination codons as a result of exon skipping like DAC39E. Surprisingly, in most cases, despite de¢nitive evidence con¢rming expression of the truncated proteins in vivo, their physiological signi¢cance remains unknown [48] . It has been suggested that splicing represents a regulatory mechanism to spatially or temporally down-regulate the expression of a full-length or exon-included gene product. It was hypothesized that although the truncated protein may be expressed, it is non-functional [49] .
There have been relatively few descriptions of alternatively spliced mammalian tmAC isoforms [50, 51] , and none are thought to be spatially or temporally regulated. A truncated form of Type V tmAC, AC5a, thought to be generated by alternative usage of a polyadenylation site located within intronic sequences, was detected in vivo [52] , but its expression pattern was not reported. In contrast, the accumulation of DAC39E fl and DAC39E trunc mRNAs are tightly regulated during Drosophila development. Because of this regulation, it seems likely the switch between the two splice variants of DAC39E mRNA is physiologically relevant. The alternative splicing generating DAC39E trunc may serve to limit expression of functional DAC39E protein preventing G-protein regulated cAMP synthesis associated with DAC39E until the appropriate physiological context. Alternatively, because antibodies specific for its unique C-terminus con¢rm its translation, it is possible DAC39E trunc possesses a distinct physiological function(s) not associated with synthesis of cAMP.
The molecular cloning of DAC39E de¢nes an additional Drosophila adenylyl cyclase isoform enriched in CNS and highly related to a known mammalian tmAC. Its identi¢cation supports the relevance of using Drosophila as a genetic system to elucidate the functional signi¢cance of individual tmAC isoforms [13] . Furthermore, the developmental alternative splicing of DAC39E de¢nes a new mechanism to regulate tmACs.
